XYZ spectroscopy at electron-hadron facilities: Exclusive processes by JPAC Collaboration et al.
JLAB-THY-20-3231
XYZ spectroscopy at electron-hadron facilities:
Exclusive processes
M. Albaladejo,1, ∗ A. N. Hiller Blin,1, † A. Pilloni,2, 3, ‡ D. Winney,4, 5, §
C. Ferna´ndez-Ramı´rez,6 V. Mathieu,7 and A. Szczepaniak1, 4, 5
(Joint Physics Analysis Center)
1Theory Center, Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
2European Centre for Theoretical Studies in Nuclear Physics and related Areas
(ECT∗) and Fondazione Bruno Kessler, Villazzano (Trento), I-38123, Italy
3INFN Sezione di Genova, Genova, I-16146, Italy
4Center for Exploration of Energy and Matter, Indiana University, Bloomington, IN 47403, USA
5Physics Department, Indiana University, Bloomington, IN 47405, USA
6Instituto de Ciencias Nucleares, Universidad Nacional Auto´noma de Me´xico, Ciudad de Me´xico 04510, Mexico
7Departamento de F´ısica Teo´rica, Universidad Complutense de Madrid and IPARCOS, 28040 Madrid, Spain
The next generation of electron-hadron facilities has the potential for significantly improving our
understanding of exotic hadrons. The XYZ states have not been seen in photon-induced reactions so
far. Their observation in such processes would provide an independent confirmation of their existence
and offer new insights into their internal structure. Based on the known experimental data and the
well-established quarkonium and Regge phenomenology, we give estimates for the exclusive cross
sections of several XYZ states. For energies near threshold we expect cross sections of few nanobarns
for the Zc(3900)+ and upwards of tens of nanobarn for the X(3872), which are well within reach of
new facilities.
I. INTRODUCTION
Since 2003, a plethora of new resonance candidates,
commonly referred to as the XYZ, appeared in the heavy
quarkonium spectrum. Their properties do not fit the ex-
pectations for heavy QQ¯ bound states as predicted by the
conventional phenomenology. An exotic composition is
most likely required [1]. Having a comprehensive descrip-
tion of these states will improve our understanding of the
nonperturbative features of Quantum Chromodynamics.
The majority of these has been observed in specific pro-
duction channels, most notably in heavy hadron decays
and direct production in e+e− collisions. Exploring al-
ternative production mechanisms would provide comple-
mentary information, that can further shed light on their
nature. In particular, photoproduction at high energies is
not affected by 3-body dynamics which complicates the
determination of the resonant nature of several XYZ [2].
Photons are efficient probes of the internal structure
of hadrons, and their collisions with hadron targets re-
sult in a copious production of meson and baryon res-
onances. Searches for XYZ in existing experiments, i.e.
COMPASS [3] or the Jefferson Lab [4–6], have produced
limited results so far. However the situation can change
significantly if higher luminosity is reached in the appro-
priate energy range.
The next generation of lepton-hadron facilities in-
cludes, for example, the Electron-Ion Collider (EIC) [7]
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that is projected to have the center-of-mass energy
per electron-nucleon collision in the range from 20 to
140 GeV, and a peak luminosity of 1.2×1034 cm−2 s−1 in
the middle of this range. The ion beam can cover a large
number of species, from proton to uranium. Both the
electron and ion beam can be polarized. An Electron-Ion
Collider in China (EicC) has also been proposed [8].
In this paper, we aim at providing estimates for ex-
clusive photoproduction cross sections of XYZ states in
a wide kinematic range, from near threshold to that ex-
pected to be covered by the EIC. While cross sections
of exclusive reactions are expected to be smaller than
the inclusive ones, the constrained kinematics makes the
identification of the signal less ambiguous and can deter-
mine precisely the production mechanism. The analysis
of semi-inclusive processes will be the subject of a forth-
coming work [9]. Since the many XYZ states have been
seen with a varying degree of significance, we present nu-
merical estimates for the few that are considered more
robust, i.e. seen in more than one channel with high
significance. The possible extensions to other states are
commented in the text. To make our predictions as ag-
nostic as possible to the nature of the XYZ, we rely on
their measured branching fractions and infer other prop-
erties from well-established quarkonium phenomenology.
A brief description of each state, together with the mo-
tivation for why a specific decay channel is chosen, is
given at the beginning of each section. The details of
the formalism are discussed in section II. In section III
we present the production of the charged Z states. Sec-
tion IV is devoted to the X(3872) and compared to the
production of the ordinary χc1(1P ). Speculations about
the newly seen di-J/ψ resonance are in Section V. Predic-
tions for the vector Y states, specifically of the Y (4260),
and the comparison with the ψ(2S) are given in sec-
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2V mV (MeV) ΓV (keV) B(V → e+e−) (%) fV (MeV)
J/ψ 3096.900± 0.006 92.9± 2.8 5.971± 0.032 277.5± 4.2
Υ(1S) 9460.30± 0.26 54.02± 1.25 2.38± 0.11 233.45± 6.03
Υ(2S) 10023.26± 0.31 31.98± 2.63 1.91± 0.16 165.63± 9.72
Υ(3S) 10355.2± 0.5 20.32± 1.85 2.18± 0.20 143.1± 9.7
TABLE I. Input parameters for VMD (γV ) couplings in eq. (3)
tion VI. Possible detection of exclusive processes with
hidden charm pentaquarks is discussed in Section VII.
In section VIII we present our conclusions, and comment
on the significance of the cross sections by estimating the
yields expected at a hypothetical fixed-target photopro-
duction experiment.
II. FORMALISM
We consider the process γN → QN ′, with Q a heavy
quarkonium or quarkoniumlike meson. At the energies of
interest, the process is dominated by photon fragmenta-
tion, as represented in Fig. 1. The amplitude Tλi/µi(s, t)
depends on the standard Mandelstam variables, s being
the total center-of-mass energy squared and t the mo-
mentum transferred squared, with λi and µi denoting
the helicities of particle i in the s- or t- channel frame,
respectively.
Crossing symmetry relates the s-channel amplitude
γN → QN ′ to that of the t-channel N¯N → Qγ:
〈
µQµγ
∣∣T ∣∣µ′
N¯
µN
〉
= −
∑
λQλ′NλγλN
δλγ ,−µγ d
1/2
λNµN
(−χN ) dJQλQµQ(−χQ) d
1/2
λ′
N
µ′
N
(−χ′N ) 〈λQλ′N |T |λγλN 〉 , (1)
with χi the crossing angles whose explicit expressions are
given in [10]. Because of the orthogonality of the Wigner-
d matrices,∑
µ
∣∣ 〈µQµγ∣∣T ∣∣µ′N¯µN〉∣∣2 = ∑
λ
| 〈λQ, λ′N |T |λγ , λN 〉|2 ,
(2)
we can use either one to compute the cross sections.
Specifically, the s-channel amplitude can be written as
〈λQλ′N |T |λγλN 〉 =∑
V, E
efV
mV
T α1···αjλV =λγ ,λQ Pα1···αj ;β1···βj B
β1···βj
λNλ′N
, (3)
where j is the spin of the exchanged particle E , and P
is its propagator. More complicated exchanges are dis-
cussed later. We assume vector-meson dominance (VMD)
to estimate the coupling between the incoming photon
and the intermediate vector quarkonia V = J/ψ or
Υ(nS) which Q couples to. The decay constant fV is
related to the V electronic width by Γ(V → e+e−) =
4piα2f2V /3mV . Masses, widths and decay constants of the
vectors of interest are reported in table I.
E
N
γ
N ′
Q
V
T
B
p p′
q q′
k
FIG. 1. Photoproduction of a quarkonium-like meson, Q via
an exchange E in the t-channel.
3Z mZ (MeV) ΓZ (MeV) V B(Z → V pi) (%) gV Zpi gγZpi (×10−2)
Zc(3900)+ 3888.4± 2.5 28.3± 2.5 J/ψ 10.5± 3.5 1.91 5.17
Zb(10610)+ 10607.2± 2.0 18.4± 2.4
Υ(1S) 0.54+0.19−0.15 0.49
5.8Υ(2S) 3.6+1.1−0.8 3.30
Υ(3S) 2.1+0.8−0.6 9.22
Z′b(10650)+ 10652.2± 1.5 11.5± 2.2
Υ(1S) 0.17+0.08−0.06 0.21
2.9Υ(2S) 1.4+0.6−0.4 1.47
Υ(3S) 1.6+0.7−0.5 4.8
TABLE II. Parameters used for Z production. Couplings are calculated with central values of branching fractions. The coupling
radiative coupling is calculated via gγZpi =
∑
V
efV gV Zpi/mV .
The top vertex T is related to the partial decay width
Γ(Q → V E) = 12JQ + 1
λ1/2
(
m2Q,m
2
V ,m
2
E
)
16pim3Q
×
∑
λQλV λE
∣∣∣T α1···αjλV λQ ε∗α1···αj (k, λE)∣∣∣2 , (4)
with λ(a, b, c) = a2 + b2 + c2 − 2ab− 2ac− 2bc the usual
Ka¨lle´n function, JQ the spin of the produced quarko-
nium, mi the mass of particle i, and ε(k, λE) the polar-
ization tensor of particle E . The bottom vertex B de-
scribes the interaction NE → N ′, and is discussed in the
following sections.
We expect a model with fixed-spin exchange to be valid
from threshold to moderate values of s. However, it can
be shown that the t-channel amplitude in (1) behaves as
〈
µQµγ
∣∣T ∣∣µ′
N¯
µN
〉 ∝ djµ′N¯−µN ,µQ−µγ (θt)
t−m2E
(5)
where cos θt is the t-channel scattering angle, and de-
pends linearly on s. At high energies, this expression
grows as sj , which exceeds the unitarity bound. The rea-
son for this is that the amplitude in (3) with fixed-spin
exchange is not analytic in angular momentum. Assum-
ing that the large-s behavior is dominated by a Regge
pole rather than a fixed pole, we obtain the amplitude
with the standard form of the Regge propagator. This
can be interpreted as originating from the resummation
of the leading powers of sj in the t-channel amplitude,
which originate from the exchange of a tower of particles
with increasing spin,
(
4 p(t) q(t)
s0
)j−M
N jµµ′
djµµ′(θt)
ξ
(t)
µµ′(s, t)
1
t−m2E
−→ −α′ Γ(j − α(t))[1 + τ e−ipiα(t)2
] (
s
s0
)α(t)−M
. (6)
Here,N jµµ′ = (−)
1
2 (|µ−µ′|+µ−µ′)
√
(j−M)!(j+M)!(j−N)!(j+N)!
(2j)! ,
ξ
(t)
µµ′(s, t) =
( 1−cos θt
2
)|µ−µ′|/2 ( 1−cos θt
2
)|µ+µ′|/2, p(t) and
q(t) the incoming and outgoing 3-momenta in the
t-channel frame, M = max{|µ|, |µ′|}, N = min{|µ|, |µ′|},
and τ = (−)j the signature factor [11, 12]. The hadronic
scale s0 is set to 1 GeV2. The Regge trajectory satisfies
α(t = m2E) = j, and α′ = ddtα(t = m2E), and the normal-
ization is such that at the pole t = m2E the right-hand
side becomes (s/s0)j−M
/
(t−m2E), which coincides with
the leading s power of the left-hand side.
From this discussion, it follows that at low energies the
fixed-spin exchange amplitude contains the full behavior
in s, and is more reliable than the Regge one, which is
practical only for the leading power. Conversely, at high
energies where the leading s power dominates, the fixed-
spin amplitude becomes unphysical, while the Regge one
has the correct behavior. For this reason, we will show
results based on the fixed-spin amplitudes in the region
close to threshold, and the predictions from the Regge
amplitudes at asymptotic energies.
Since the systematic uncertainties related to our pre-
dictions are much larger than the uncertainties of the
couplings the models depend upon, we do not perform
the usual error propagation, and just consider the quali-
tative behavior and the order of magnitude of these sim-
ple estimates. For this reason, we will not add error bands
to our curves.
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FIG. 2. Integrated cross sections for the three Z states considered. Left panel: predictions for fixed-spin exchange, which we
expect to be valid up to approximately 10 GeV above each threshold. Right panel: predictions for Regge exchange, valid at high
energies.
III. Zc(3900)+, Zb(10610)+, AND Z′b(10650)+
We start from the production of charged Z states.
We focus on the narrow ones seen in e+e− collisions
that lie close to the open flavor thresholds: the hid-
den charm Zc(3900)+ and hidden bottom Zb(10610)+
and Z ′b(10650)+. They all have sizeable branching frac-
tions to V pi+, with V = J/ψ,Υ(nS) [13], which makes
them relatively easy to detect. We do not consider the
narrow Z ′c(4020), which decays mostly into hc(1P )pi+
and D¯∗0D∗+ and is therefore more difficult to recon-
struct. These four states have the same quantum num-
bers JPC = 1+− [14, 15],1 and the absolute branching
fractions can be calculated by assuming that the several
observed decay modes saturate the total width. Obvi-
ously, reaching the Z(′)b requires higher energy and an
optimal setup for the Zc(3900)+ and Z(′)b may not be
the same. The same amplitudes can in principle be ex-
tended to the broad Z states seen in B decays. However,
their branching ratio to V pi+ is unknown, and their broad
width would make the separation from the background
more challenging. Predictions for some of them have al-
ready been given in [16], while the Zc(3900)+ was studied
previously in [17] on the basis of outdated estimates for
the branching ratios.
The production of these Z states proceeds primarily
through a charged pion exchange. A minimal parameter-
1 As customary, by C we mean the charge conjugation quantum
number of the neutral isospin partner.
ization of the top vertex in Eq. (3), consistent with gauge
invariance is given by
TλV λZ =
gV Zpi
mZ
εµ(q, λV ) ε∗ν(q′, λZ)
× [(q · k) gµν − kµ qν ] . (7)
The coupling gV Zpi is calculated from the partial decay
width Γ(Z → V pi) using Eq. (4). For the Zc(3900)+ we
assume that the width is saturated by the three decay
modes J/ψ pi+, (D¯D∗)+, and ηcρ+. A similar assump-
tion was made in [14] for the Z(′)b , the width being sat-
urated by the Υ(nS) (n = 1, 2, 3), hb(mP ) (m = 1, 2)
and (B¯(∗)B∗)+ modes. The couplings are summarized in
table II. For the bottom piNN vertex we take2 :
BλNλN′ =
√
2 gpiNN β(t) u¯(p′, λ′N ) γ5 u(p, λN ) , (8)
with g2piNN/(4pi) ' 13.81±0.12 [20]. Away from the pole,
the residue β(t) is unconstrained in Regge theory and
accounts for the suppression at large t visible in data.
We use β(t) = exp
(
t′/Λ2pi
)
, with t′ = t − t(cos θs = 1),
and Λpi = 0.9 GeV [21] (monopole form factors were used
in [17]). For the Reggeized amplitude of Eq. (6), we use
the pion trajectory [22]:
αpi(t) = α′pi(t−m2pi) with α′pi = 0.7 GeV−2 . (9)
2 An explicit factor of
√
2 is considered for the charged pion ex-
change.
5X mX (MeV) ΓX (MeV) E B(X → γ E) (%) gγXE (×10−3)
χc1(1P ) 3510.67± 0.05 0.84± 0.04
ρ (2.16± 0.17)× 10−4 0.92
ω (6.8± 0.8)× 10−5 0.52
φ (2.4± 0.5)× 10−5 0.42
J/ψ 34.3± 1.0 1.0× 103
B(X → J/ψ E) (%) gψXE gγXE (×10−3)
X(3872) 3871.69± 0.17 1.19± 0.19 ρ 4.1
+1.9
−1.1 0.13 3.6
ω 4.4+2.3−1.3 0.30 8.2
TABLE III. Parameters used for X(3872) and χc1(1P ) production. Couplings are calculated with central values of branching
fractions.
The results for the fixed-spin and Regge amplitudes
are shown in fig. 2. Note that the fixed-spin results
are expected to be valid up to approximately 10 GeV
above threshold. In particular, the range of validity of
Zc(3900)+ and Z(′)b are different.
IV. X(3872) AND χc1(1P )
The X(3872) is by far the best known exotic me-
son candidate. It has been observed in several differ-
ent decay modes and production mechanisms [13]. The
Breit-Wigner mass and width have been recently been
measured to be MX = 3872.62 ± 0.08 MeV and ΓX =
1.19 ± 0.19 MeV, although significant deviations of the
lineshape are expected because of the proximity to the
D¯0D∗0 threshold [23]. Quantum numbers have been mea-
sured to be 1++ [24]. The most exotic feature of the X
is the strength of isospin violation, which is manifested
in the decays B(X → J/ψ ω)/B(X → J/ψ pi+pi−) =
1.1 ± 0.4 [13]. The inclusive measurement of B+ →
K+X(3872)(→ anything) [25] allows for the estimation
of the absolute branching fractions, and thus of the cou-
plings of X(3872) to its decay products [26].
Since X(3872) has sizeable branching fractions to
J/ψ ρ and J/ψ ω, light vector exchanges will provide the
main production mechanism. The state can be detected
E mE (MeV) gENN g′ENN
ρ 775.26± 0.25 2.4 14.6
ω 782.65± 0.12 16 0
φ 1019.461± 0.016 −6.2 2.1
J/ψ 3096.900± 0.006 1.6× 10−3 0
TABLE IV. Couplings of the bottom vertex for the vector
exchanges considered in Eq. (11). Light vectors couplings are
taken from [18, 19], while the J/ψ coupling is calculated from
the J/ψ → pp¯ braching ratio.
in the J/ψ ρ0(→ pi+pi−) final state, which is relatively
easy to reconstruct. Similarly to Eq. (7), the top vertex
is parameterized by:
T µλV λX = gψXE σναβ
[
gσµ ε∗ν(q′, λX) qα εβ(q, λE)
]
,
(10)
with the coupling gψXE obtained from the partial decay
width Γ(X → J/ψ E) with E = ρ, ω using Eq. (4). Since
the mass of the X is below the nominal J/ψ ω threshold,
and almost exactly at the J/ψρ one, we need to take into
account the E widths to extract meaningful couplings.
Details are left to the Appendix A. The resulting values
for the couplings are summarized in table III (cf. the
extractions in [27]). The bottom vertex is described by
the standard vector meson-nucleon interaction:
BµλNλ′N = β(t) u¯(p
′, λ′N )
×
(
gENN γµ + g′ENN
σµνkν
2mN
)
u(p, λN ) . (11)
The numerical values of the vector and tensor couplings
g
(′)
ENN are tabulated in table IV. For the ω and the ρ
they are extracted from nucleon-nucleon potential mod-
els [18]. The φ coupling is then estimated with the help
of SU(3) considerations as done in [19]. These values are
compatible with the ones used in Regge fits [12, 22]. The
J/ψ coupling is obtained from the J/ψ → pp¯ decay width
using:
〈λNλ′N |T |λψ〉 = gψNN u¯(p, λN ) γµ v(p′, λN¯ ) , (12)
assuming vanishing tensor coupling. The resulting cou-
pling is so small that the contribution of the J/ψ is hardly
relevant, despite the large top coupling.
We use β(t) = exp
(
t′/Λ2E
)
with Λρ = 1.4 GeV and
Λω = 1.2 GeV [21]. For φ and J/ψ, we set the form factor
β(t) = 1. For the Reggeized amplitude, ρ and ω have
degenerate trajectories,
αV (t) = 1 + α′V (t−m2ρ) with α′V = 0.9 GeV−2 . (13)
For comparison with the exotic X(3872), we also con-
sider the photoproduction of the ordinary axial charmo-
nium, χc1(1P ). The radiative decay branching fractions
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FIG. 3. Integrated cross sections for the axial χc1(1P ) and X(3872). Left panel: predictions for fixed-spin exchange, valid at
low energies. Right panel: predictions for Regge exchange, valid at high energies.
for χc1 → γE are available for E = ρ, ω, φ, ψ, so that
the coupling in the top vertex can be readily calculated
without assuming VMD, i.e. by setting efV /mV → 1 in
Eq. (3), and replacing gψXE → gγχE in Eq. (10).
In the Reggeized amplitude, the φ and J/ψ trajectories
are subleading to the ρ and ω ones, the intercept α(0) be-
ing roughly
√
α′ times twice the heavy quark mass, and
can be safely neglected at high energies. The results for
the fixed-spin and Regge amplitudes are shown in fig. 3.
It is worth noting the mismatching strengths of the am-
plitudes in the two regimes. The fixed-spin one describes
correctly the size of the cross section at threshold. How-
ever, the saturation observed is unphysical and entirely
due to the fixed-spin approximation. The physical ampli-
tude is expected to start decreasing faster and match the
Regge prediction at Wγp ∼ 20 GeV.
V. X(6900)
Recently the LHCb collaboration reported the obser-
vation of a narrow X(6900) in the di-J/ψ mass spec-
trum [28]. This structure is consistent with a ccc¯c¯ state
with mass mX = 6886 ± 22 MeV and width ΓX =
168 ± 102 MeV. We provide an estimate of the exclusive
photoproduction cross section near threshold, assuming
a vector meson exchange, in analogy to the χc1(1P ) in
section IV.
The spin-parity assignment of the X(6900) is still un-
known, we will assume JPC = 0++ (cf. [29]). This leads
to the top vertex:
T µλγ =
gXψψ
mX
[
(k · q) µ(q, λγ)− ((q, λγ) · k) qµ
]
. (14)
We use Eq. (4) to place an upper bound on the coupling,
by assuming the total width to be saturated by the di-
J/ψ final state. The central value ΓX = 168 MeV leads
to gXψψ ∼ 3.2. However, the bottom vertex remains the
same as Eq. (11), meaning the amplitude is limited by
the tiny J/ψ → pp¯ decay width. Moreover, the heavy
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FIG. 4. The production of the X(6900) based on ω exchange,
assuming B[X(6900)→ ψω] ∼ 1%. The J/ψ exchange is neg-
ligible even for large B[X(6900)→ ψψ].
7Y mY (MeV) ΓY (MeV) B(Y → γgg) (%) B(Y → ψgg) (%) B(Y → ψpipi) (%) RY
J/ψ 3096.900± 0.006 0.0929± 0.0028 8.8± 1.1 − − 1.0
ψ(2S) 3686.10± 0.06 0.294± 0.008 1.03± 0.29 61.4± 0.6 34.68± 0.30 0.55
Y (4260) 4220± 15 44± 9 − − 3.2 1.5
TABLE V. Parameters for Y production. The branching ratio of B(Y (4260) → ψpipi) is obtained assuming ΓYee(4260) =
Γψ(3770)ee = 262 eV.
mass of the exchange further suppresses the cross section,
yielding σ = O(10−6 nb) for a 100% branching ratio.
However, if the X(6900) has a sizeable branching
fraction, i.e. & 1%, to a final state involving light
mesons, such as the J/ψ ω, observation in photoproduc-
tion could be possible. Even though these decays are OZI-
suppressed, they can be estimated by comparing to the
ψ(3770)→ J/ψ η and φ η decay modes [13],
B(X → ψ ω)
B(X → ψ ψ) =
PS(X → ψ ω)
PS(X → ψ ψ)
g2(ψ′′ → φ η)
g2(ψ′′ → ψ η) ∼ (1–4)% ,
(15)
with the same notation as section VI. A prediction for the
cross section assuming a nominal B(X → J/ψ ω) = 1%
is shown in fig. 4.
VI. Y (4260) AND ψ(2S)
The Y (4260) is one of the several JPC = 1−− super-
numerary states seen in direct e+e− production. The
detailed study of the J/ψ pi+pi− lineshape by BESIII
suggests a lighter and narrower state than the previ-
ous estimates [32], which seems to be compatible with
the signals seen in ψ(2S)pi+pi−, hc pi+pi−, χc0 ω, J/ψ η,
and piD∗D¯ [33]. The PDG average of mass and width
is MY = 4220 ± 15 MeV, ΓY = 44 ± 9 MeV. The main
motivation for an exotic assignment is that a fit to the
inclusive e+e− data provides three ordinary ψ state that
fulfill the predictions of quark model, and do not seem
compatible with any of the Y states [34].
Since the Y (4260) has been seen in e+e− collisions
only, it is only possible to measure the branching ratios
time its electronic width ΓYee, which is presently unknown.
An upper limit based on the inclusive data in [34] gives
Aψ α0 α
′ (GeV−2) b0 (GeV−2)
HE [30] 0.16 1.15 0.11 1.01
LE [31] 0.38 0.94 0.36 0.12
TABLE VI. Summary of numerical values of relevant
Pomeron exchange parameters from fits to high-energy
(“HE”) and low-energy (“LE”) J/ψ photoproduction data.
ΓYee < 580 eV at 90% C.L. [35]. A recent global analysis
suggests ΓY ∼ O(102)–O(103) eV [36]. To be conserva-
tive, we will use the same electronic width as the light-
est vector charmonium above the open charm threshold,
ΓYee = Γ
ψ(3770)
ee = 262 eV.
At high energies, vector meson photoproduction is well
described by Pomeron exchange, which is expected to be
related to the spectrum of glueballs [37]. At threshold, a
model that realizes the Pomeron as an explicit 2- or 3-
gluon exchange was given in [38]. Given the uncertainties
brought by this relation, we consider the two effective
Pomeron models for J/ψ photoproduction used in [30,
31] to interpolate the high and low energy regions. The
former model was fitted to the high energy data from
HERA (hereafter “HE”, Wγp & 20 GeV [39]). The latter
was fitted to the lower energy data from SLAC and the
newest from GlueX (hereafter “LE”, Wγp . 7 GeV [5,
40]). This model has a t-dependence somewhat different
from that of HE when extrapolated to lower energies. The
cross sections for the Y (4260) and ψ(2S) are obtained
by replacing the J/ψ couplings, mass and width by those
of the Y (4260) and the ψ(2S). This is further detailed
below.
The HE model has a helicity-conserving ampli-
tude [30],
〈λY λ′N |T (HE)|λγλN 〉 = F (s, t) δλγλY δλNλ′N (16)
while the LE is based on the vector Pomeron model [31,
41],
〈λY λ′N |T (LE)|λγλN 〉 =
F (s, t)
s
[u¯(p′, λ′N ) γµ u(p, λN )]
× ε∗ν(q′, λY )
[
εµ(q, λγ) qν − εν(q, λγ) qµ
]
. (17)
The function F (s, t) is the same for both models, and
contains the dynamical s, t dependence of the Pomeron:
F (s, t) = i eAψ
(
s− sth
s0
)α(t)
eb0 t
′
, (18)
where Aψ is the product of the top and bottom couplings
for J/ψ photoproduction, sth is an effective threshold fit-
ted from data for HE, and fixed to the J/ψ p threshold
for LE. The slope b0 further suppresses the amplitude at
large values of t. The scale is s0 = 1 GeV2 as customary.
The parameters b0, α0, and α′ are assumed to be in-
trinsic to the Pomeron and do not depend on the vector
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FIG. 5. Cross sections for Y (4260) photoproduction compared to the J/ψ and ψ(2S) at low (left) and high (right) energies.
particle produced. Values for all parameters are shown in
table VI.
For the Y (4260) and ψ(2S), we set sth to the physical
Y p threshold. If one considers the Pomeron as an ap-
proximate 2-gluon exchange, the relative strength Rψ′ =
Aψ′/Aψ of the ψ(2S) and J/ψ couplings is given by the
ratio of couplings to a photon and two gluons,
Rψ′ =
√
g2(ψ′ → γgg)
g2(ψ → γgg) , (19)
The couplings g2 can be computed form the known par-
tial widths BΓ divided by the corresponding 3-body
phase space (PS),
g2(Y → γgg) = 6mY B(Y → γgg)ΓYPS(Y → γgg) (20)
The energy dependence of the underlying matrix element
is neglected. Using the branching ratios B(J/ψ → γgg)
and B(ψ(2S)→ γgg) extracted by CLEO [42] we obtain
Rψ′ = 0.55, which is comparable with the ratio of J/ψ
and ψ(2S) quasi-elastic photoproduction cross sections
in [43],
√
σψ′/σψ ∼ 0.39.
For the Y (4260), such radiative decays have not been
seen. However, we resort to the arguments of [44], which
assume that the matrix element of a vector Y → J/ψ pipi
factorizes into a hard Y → J/ψgg process, calculable
with QCD multipole expansion, and a hadronization pro-
cess gg → pipi, which is universal and does not depend on
the particular Y state. Using VMD one can further re-
late the Y → J/ψ gg process to Y → γgg. If the energy
dependence of the matrix elements is neglected, one gets:
RY =
e fψ
mψ
√
g2(Y → ψpipi)
g2(ψ → γgg)
g2(ψ′ → ψgg)
g2(ψ′ → ψpipi) . (21)
This leads to RY = 1.5. It is worth noting that RY > 1
suggest a larger affinity to gluons than ordinary charmo-
nia, as expected for a heavy gluonic hybrid [45]. We show
the tabulated values for all couplings in table V.
The resulting cross sections for the J/ψ, ψ(2S), and
Y (4260) are plotted for the low and high-energy re-
gions in fig. 5. Both ψ(2S) and Y (4260) can be mea-
sured in a clean J/ψ pi+pi− final state, with branching
ratios 34.68 ± 0.30% and 3.2% (in our estimate), re-
spectively. The ψ(2S) can also be reconstructed in a
lepton pair, with branching ratio B(ψ(2S) → e+e−) =
(7.93± 0.17)× 10−3.
VII. Pc REGGEONS IN BACKWARD J/ψ
PHOTOPRODUCTION
Photoproduction of hidden charm pentaquarks has ex-
tensively been discussed in [30, 31, 46]. These studies
consider the direct production of pentaquark resonances
in the s-channel, which requires Wγp ∼ mPc ∼ 4.5 GeV.
Such low energies will hardly be explored at the EIC. One
could consider the associated production of pentaquarks
with other pions. However, reliable predictions can be
made for soft pions only (see e.g. [47]), which do not
contribute significantly to the total energy.
Alternatively, one can search for the presence of Pc
trajectories in backward J/ψ photoproduction, as shown
in fig. 6. In the backward region (small u and large t),
9Wγp (GeV) σ (nb) B(Q → `+`− npi) (×10−3) Counts Comparison
X(3872)
6
33.1 5.3 877 ∼ 90 [48]
Zc(3900)+ 15.9 12.5 994 ∼ 1300 [15]
Zb(10610)+ 15
2.8 2.6 36 ∼ 750 [49]
Z′b(10650)+ 0.66 2.1 7 ∼ 200 [49]
B(J/ψ → `+`−)2 (×10−3)
X(6900) 12 1.9 14 133 ∼ 800 [28]
TABLE VII. Estimates of yields for one year of data taking under the conditions described in the text. The branching ratios
B(Q → `+`− npi) are given by ∑
V
B(Q → V npi) × B(V → `+`−). Comparison with existing datasets are also given. The
efficiency is assumed to be 1%. Higher efficiencies are certainly possible, e.g. 50% for the Zc(3900)+ at BESIII. The results for
the X(6900) must be rescaled by the yet unknown B[X(6900)→ ψψ].
the contribution of Pomeron exchange in the t-channel,
which represents the main background in [30, 31, 46],
becomes negligible with respect to u-channel exchanges.
These are populated by Pc resonances, as well as ordinary
N (∗) trajectories. If the latter were to be negligible, a sig-
nal of J/ψ in the backward region will be unambiguously
due to the existence of pentaquarks. Here, we provide a
rough estimate of the relative size between the two. Up to
kinematic factors, the main differences are the couplings
to the photon and J/ψ, and the different trajectories.
The couplings of N (∗) can be simply taken as the ones
of proton exchange. As shown in table III, the coupling
of J/ψ to the proton O(10−3) and the coupling to the
photon is given by the electric charge e. VMD relates the
electromagnetic transition Pc → γ p to Pc → J/ψ p. The
only input needed is the branching ratio B(Pc → J/ψ p).
In [31] we found upper limits for the branching fraction
of roughly 1–5%, depending on the Pc quantum num-
bers. Using a branching fraction of 1%, and the typical
width of the pentaquark signals found so far of the order
Pc, N
(∗)
N
γ
N ′
ψ
ψ
FIG. 6. The photoproduction of J/ψ at backward angles is
populated by Reggeons having the Pc quantum numbers, as
well as ordinary N∗ trajectories. Unfortunately, the latter
dominate, making the extraction of pentaquarks from this
reaction impossible.
of 10 MeV [50], we obtain for the product of couplings
values O(10−3)× e.
This is the same order of magnitude as the prod-
uct of couplings for the proton exchange. At high en-
ergies however, reggeization will suppress the Pc ex-
change due to its larger mass and therefore smaller in-
tercept for the trajectory. We conclude that searches of
hidden-charm pentaquarks in this way are hindered by a
large N (∗) background. The photoproduction of hidden-
bottom pentaquarks, were they to exist, could still be
possible, and has been discussed in [51].
VIII. CONCLUSIONS
In this paper we provide estimates for photoproduc-
tion rates of various charmonia and exotic charmonium-
like states in the kinematic regimes relevant to future
electron-hadron colliders. We focus on a few states as
benchmarks based on the availability of experimental
information, e.g. decay widths. However, the formalism
presented here is readily applicable to other XYZ states
when more measurements will become available.
In the low-energy regime, with Wγp close to threshold,
fixed-spin particle exchanges are expected to provide a re-
alistic representation of the amplitude. As such, we give
estimates for exclusive charged Zc(3900)+, Zb(10610)+,
and Z ′b(10650)+ production via pion exchange, as well
as X(3872) and χc1(1P ) production via vector meson
exchange. For energies near threshold we expect cross-
sections of the order of a few nanobarns for the Zc(3900)+
and upwards of tens of nanobarn for the X(3872). We re-
mark on the possibility of exploring the recently observed
X(6900) in photoproduction. Production mechanisms in-
volving possible OZI-suppressed couplings to light vector
mesons yield to cross sections of a fraction of a nanobarn.
At high energies, the correct behavior is captured by
(continuous spin) Regge exchange. Based on standard
Regge phenomenology, we extend our results for Zc, Z(′)b
and X(3872) production to center-of-mass energies where
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the EIC is expected to reach peak luminosity. For the
vector meson states, we build upon existing models to
provide estimates of diffractive Y (4260) and ψ(2S) pro-
duction. Unlike production of XZ, diffractive production
increases as a function of energy, making high-energy col-
liders such as the EIC a preferable laboratory for the
spectroscopy of the Y states. We further discuss the fea-
sibility of indirect detection of Pc states in backward J/ψ
photoproduction. However, we find that the contribution
of Pc states is hindered by the ordinary N (∗) exchanges.
To further motivate the XYZ spectroscopy program
at high-energy electron-hadron facilities, it is important
to translate the cross section predictions into expected
yields. A detailed study, e.g. for the EIC, would require
details of the detector geometry. Nevertheless, one can
have a rough idea of the number of events, by consid-
ering a hypothetical setup based on the existing GlueX
detector [52] but higher energies. Specifically, assuming
photon beam of the order of Elabγ = 20 GeV, an intensity
of 108 γ/s, and a typical hydrogen target, one could reach
a luminosity of ∼ 500 pb−1 for a year of data taking.
For the yield estimates, one needs to multiply the cross
section by the appropriate branching ratios B(XYZ →
J/ψ npi) ∼ 5% and by B(J/ψ → `+`−) = 12%. Even
with a low 1% detector efficiency, assuming σ = 10 nb,
we estimate 300 events per year. The expectations for
the individual XYZ are given in table VII, together with
the comparison with the existing datasets by BESIII.
While production of Y states benefits from higher en-
ergies, lower Wγp . 7 GeV are much more efficient in
producing X and Z states.
We conclude that electro- and photoproduction facili-
ties can complement the existing experiments that pro-
duce XYZ. In fact, such facilities will give the opportu-
nity to study XYZ in exclusive reactions that provide
valuable information about production mechanisms dif-
ferent from the reactions where the XYZ have been seen
so far. This will further shed light on the nature of several
of these exotic candidates.
The code implementation to reproduce all results pre-
sented here can be accessed on the JPAC website [53].
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Appendix A: X(3872) to J/ψ ω and J/ψ ρ couplings
We evaluate here the couplings of X(3872) → J/ψ E
with E = ρ, ω. Experimentally, these are accessi-
ble through the decays X(3872) → J/ψ pi+pi− and
J/ψ pi+pi−pi0, respectively. We write the differential de-
cay widths for these processes as:
dΓ(X → J/ψ npi)
dw2 =
1
pi
w
(w2 −m2E)2 +m2EΓ2E
× Γ[X → J/ψ E(w2)] Γ[E(w2)→ npi] , (A1)
with n = 2, 3, w is the invariant mass of the npi system,
i.e. of the virtual vector E . The first width is given by:
Γ[X → J/ψ E(w2)] =
λ1/2
(
m2X ,m
2
ψ, w
2
)
48piM3X
×
∑
λXλψλE
| 〈λψλE |T |λX〉|2 , (A2)
where:
〈λψλE |T |λX〉 = −igψXE εαβγµ εα(pX , λX)
× ε∗β(pψ, λψ) ε∗γ(pE , λE) pµψ . (A3)
For ρ → 2pi, we consider the standard amplitude (see
e.g. Ref. [56]) dependent on the vector coupling constant
gV = 0.086 and the pion decay constant fpi = 93 MeV,
which leads to the ρ width,
Γ[ρ(w2)→ 2pi] = 16pi
(
w2gV
f2pi
)2 (w2 − 4m2pi)3/2
8w2 . (A4)
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FIG. 7. Differential decay width for the process X(3872) →
J/ψpipi. Our result in Eq. (A1) is given by the blue solid
line, whereas the experimental data from Belle [54] and AT-
LAS [55] are shown with red circles and green squares, respec-
tively.
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The shape of the differential decay width of the process
X → J/ψ pipi is completely fixed by Eqs. (A1) and (A4),
and is independent of the value of the global coupling. In
Fig. 7 we show the invariant pipi mass spectrum, which is
completely dominated by the ρ, and agrees fairly well
with the experimental data from Belle [54] and AT-
LAS [55] (better agreement can be reached by giving
more freedom to the ρ lineshape, or including ρ-ω mix-
ing [27, 57]). The coupling gψXρ is extracted from the
integrated width:
Γ(X → J/ψ pipi) =
∫ (mX−mψ)2
4m2pi
dw2 dΓ(X → J/ψ pipi)dw2 .
(A5)
As experimental input, we consider the branching ratio
B[X → J/ψpipi] = 4.1+1.9−1.1 % [26] and the total width
ΓX = 1.19 ± 0.19 MeV, the average of the recent LHCb
measurements [23].
For the ω → 3pi decay, while more sophisticated ap-
proaches exist [58], we take here the simple vertex:
〈3pi|T |λω〉 = igω3pi εµναβ εµ(pω, λω) pν+ pα− pβ0 (A6)
which results in the width:
Γ(ω(w2)→ 3pi) = 1(2pi)3
1
32w3
g2ω3pi
72
∫ (w−mpi)2
4m2pi
dw′2
w′
×
(
w′2 − 4m2pi
)3/2
λ3/2(w2, w′2,m2pi) , (A7)
with w′ the invariant mass of a dipion subsystem. The
coupling gω3pi is adjusted to reproduce the experimental
ω → 3pi width, Γ(ω → 3pi) = B(ω → 3pi) Γω, where
B(ω → 3pi) = 89.3±0.6% and Γω = 8.49±0.08 MeV [13].
The integrated width is given by:
Γ(X → J/ψ 3pi) =
∫ (mX−mψ)2
9m2pi
dw2 dΓ(X → J/ψ3pi)dw2 ,
(A8)
The coupling gψXω is obtained from Eq. (A8) and the
branching ratio B(X → J/ψ ω) = 4.4+2.3−1.3% [26],
B(X → J/ψ ω) = Γ(X → J/ψ 3pi)B(ω → 3pi) ΓX . (A9)
The resulting values for the couplings are reported in
table III.
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